Land use change in the Amazon rainforest alters the taxonomic structure of soil microbial communities, but whether it alters their functional gene composition is unknown. We used the highly parallel microarray technology GeoChip 4.0, which contains 83 992 probes specific for genes linked nutrient cycling and other processes, to evaluate how the diversity, abundance and similarity of the targeted genes responded to forest-topasture conversion. We also evaluated whether these parameters were reestablished with secondary forest growth. A spatially nested scheme was employed to sample a primary forest, two pastures (6 and 38 years old) and a secondary forest. Both pastures had significantly lower microbial functional genes richness and diversity when compared to the primary forest. Gene composition and turnover were also significantly modified with land use change. Edaphic traits associated with soil acidity, iron availability, soil texture and organic matter concentration were correlated with these gene changes. Although primary and secondary forests showed similar functional gene richness and diversity, there were differences in gene composition and turnover, suggesting that community recovery was not complete in the secondary forest. Gene association analysis revealed that response to ecosystem conversion varied significantly across functional gene groups, with genes linked to carbon and nitrogen cycling mostly altered. This study indicates that diversity and abundance of numerous environmentally important genes respond to forest-to-pasture conversion and hence have the potential to affect the related processes at an ecosystem scale.
Introduction
The Amazon rainforest, known for its rich biological diversity, has been under constant threat of deforestation as a consequence of intense agricultural development (Fearnside 1999; Feeley & Silman 2009) . It is estimated that 20% of the original forest has already been lost due to anthropogenic activities (Barreto et al. 2005) . This is of particular concern because tropical forests perform a number of essential global-scale functions, including the maintenance of freshwater supplies, carbon sequestration and the stabilization of biogeochemical processes (Fearnside 1999; Davidson et al. 2012) . Land use has been identified as one of the main drivers of biodiversity alteration (Haines-Young 2009) and is predicted to be the most significant factor for biodiversity losses in tropical areas (Sala et al. 2000) . Numerous studies have documented biodiversity losses for plants and animals in tropical forests (Fearnside 1999; Feeley & Silman 2009) , and recent culture-independent community analyses based on ribosomal genes have found that changes in Amazon land use also alter soil bacterial (Borneman & Triplett 1997; Cenciani et al. 2009; Jesus et al. 2009; Rodrigues et al. 2013) , fungal (Mueller et al. 2014) and archaeal (Navarrete et al. 2011) community composition.
An increasing number of studies have investigated how changes in microbial community structure and diversity affect soil biological processes following a sustained environmental impact (Loreau et al. 2001; Griffiths et al. 2004; Fitter et al. 2005) . Changes in microbial community composition are frequently linked to alterations in the rates of ecosystem processes (Allison & Martiny 2008) , but ecosystem process rates are more likely a consequence of the functional traits contained in a community than overall species richness and diversity (Griffiths & Philippot 2013) . It has been suggested that the magnitude of some microbial processes may be affected by the abundance Hallin et al. 2009 ) and the diversity ) of related functional genes, supporting the use of these parameters to assess community functional potential.
In the Amazon region, there is strong evidence for alterations in C and N cycling processes due to land use change (Steudler et al. 1996; Neill et al. 1997b Neill et al. , 2005 , but studies on the response of microbial functional diversity to these changes have been limited to a few genes (Taketani & Tsai 2010; Navarrete et al. 2011; Mirza et al. 2014) . A comprehensive evaluation of the microbial functional gene diversity harboured by Amazon forest soils is needed if we are to understand how land use change alters the metabolic potential of this ecosystem.
In this work, we evaluated the impact of land use change on the functional diversity of microbes in Amazon rainforest soils, using the diversity, abundance and similarity of environmentally important functional (i.e. protein coding) genes, including genes linked to nutrient cycling, as indicators of microbial functional potential. We used the GeoChip microarray (Hazen et al. 2010; Tu et al. 2014) to evaluate how functional gene groups respond to forest-to-pasture conversion and whether there is reestablishment of these groups with secondary forest growth. This functional microarray targets genes involved in different microbial processes, including biogeochemical cycles, organic compound degradation, antibiotic resistance and stress. It has been considered a comprehensive and effective tool for the evaluation of microbial functional diversity and responses to environmental impacts (Liang et al. 2009; Reeve et al. 2010) . We sought to understand whether microbial functional gene diversity responses were comparable with those reported for microbial taxonomic diversity in Amazon soils under land use changes. Finally, we applied an ecological index for species-environment association (De Caceres et al. 2010) to identify functional groups significantly linked to land use type.
Material and methods

Site description and soil sampling
The study was performed at the Amazon Rainforest Microbial Observatory (ARMO; Rodrigues et al. 2013 Rondônia, Brazil (details regarding the sampling area can be found in the Supporting Information). Sampling occurred at the end of the rainy season, March 2010, for the following sites: a primary forest (F), two pastures that had been continuously managed for 6 (P6) and 38 (P38) years and a 13-year-old secondary forest (S), which was established in 1997 after pasture abandonment (Table S1 and Figure S1 ). All pastures were established following the same procedures (details of pasture establishment and management practices are described in the Supporting Information). A 100-m 2 transect was placed at each site, and nested transects of 10 m, 1 m and 0.1 m were made sharing the same point of origin, for a total of 12 sampling points, as described in Rodrigues et al. (2013) . After the removal of the litter layer, a 5-cm diameter soil core was collected from 0 to 10 cm depth, homogenized and passed through a 2-mm mesh sieve. Samples for total DNA extraction were kept at À80°C, while samples for physicochemical analysis were stored at 4°C. Total carbon and nitrogen were determined with auto analyzer LECO Truspec CN (St. Joseph, MI, USA) at the Centro de Energia Nuclear na Agricultura, University of Sao Paulo, Brazil. Elemental concentrations and soil fertility parameters were analysed according to the methods described by Van Raij et al. (2001) , and soil granulometry was determined according to Camargo et al. (1986) .
Soil DNA extraction, purification and labelling DNA was extracted from 250 mg of soil using the PowerLyzer PowerSoil DNA isolation kit (MO BIO Laboratories Inc., Carlsbad, CA, USA), according to the manufacturer's instructions, but with a modified lysing time of eight minutes. Five DNA extractions were performed per soil sample, combined and concentrated with the Genomic DNA Clean and Concentrator kit (Zymo Research Corporation, Irvine, CA, USA). Concentrated DNA was re-suspended in 20 ll of PCR grade water, and purity was assessed using a spectrophotometer (Thermo Scientific, Wilmington, DE, USA) set for determining absorbance at the following wavelengths: 230, 260, 280 and 320 nm. DNA concentration was measured with the Quant-iT PicoGreen kit (Molecular Probes/Invitrogen, Carlsbad, CA, USA). The DNA extraction yield for forest and pasture samples had an average of 32.99 ng/ll (AE 1.58) and 33.86 ng/ll (AE 1.60), respectively. All 48 of the DNA samples (12 per sampling site) were stored at À20°C until use.
Purified DNA was labelled with the fluorescent dye Cy-3, according to Wu et al. (2006) . Briefly, DNA (1.5 lg) was mixed with random primers (300 ng/ll), denatured at 99.9°C for 5 min and immediately chilled on ice. A solution containing 5 mM dAGC-TP, 2.5 mM dTTP, Klenow fragment (40 U) and Cy-3 dUTP (25 nM) was added to the denatured DNA, and the reaction volume was adjusted to 50 ll with H 2 O. The labelling solution was incubated at 37°C for 6 h, followed by 3 min at 95°C. The labelled DNA was purified with the QIAquick Kit (Qiagen, Valencia, CA, USA), and dye incorporation was confirmed with a NanoDrop spectrophotometer. Labelled samples were vacuum-dried and stored at À20°C until hybridization.
Microarray hybridization, scanning and image processing
The GeoChip 4.0 (Tu et al. 2014 ) was used to evaluate the microbial functional diversity in the soil samples. This new generation functional gene array has been successfully used to characterize microbial communities in a variety of habitats (Hazen et al. 2010; Lu et al. 2012; Chan et al. 2013) . It contains 83 992 gene probes targeting 410 gene families. Here, gene refers to each unique sequence targeted by GeoChip 4.0, and a gene family comprises all gene sequences assigned with the same name (e.g. named nosZ) and coding for the same class of proteins. The genes are related to the biogeochemical cycles of carbon, nitrogen, phosphorus and sulphur, along with metal resistance, organic contaminant degradation, antibiotic resistance and other microbial genes of known function. The probes were designed to target Bacteria, Archaea, fungi and viruses (bacteriophage) gene sequences. Additional information can be found in Table S2 .
Prior to hybridization, labelled DNA was re-hydrated with 10 ll of hybridization solution master mix, con- Slides were scanned with the NimbleGen MS200 (Roche NimbleGen, Madison, WI, USA). Spot alignment and signal intensity determination were performed with the NIMBLESCAN software v2.5. The raw data were submitted to the Microarray Data Manager at the Institute for Environmental Genomics website (http://ieg.ou. edu/microarray/) using the following parameters: (i) spots with signal intensity lower than 1000 or with a signal-to-noise ratio (SNR) less than 2.0 were removed as poor-quality spots (SNR = spot signal intensitybackground signal average/SD background); (ii) normalization was performed with the signal intensity of each spot being divided by the average of universal standard spots and divided by the average of the signal intensities in each sample.
Statistical analyses
Total gene and gene family numbers were used to calculate soil microbial functional gene richness. Diversity of detected genes was calculated using the Shannon (H') diversity index based on the frequency and abundance of all gene sequences detected (regardless of family). One-way ANOVA, followed by Tukey's test, was employed to verify the effect of land use on gene richness and diversity. The similarities in gene composition across the samples were visualized by nonmetric multidimensional scaling ordination and tested by analysis of similarity (ANOSIM) using Bray-Curtis index (Clarke 1993) . The total gene abundance in each functional group was ordered in a heat map and normalized by functional group, with mean and standard deviation equal to one. The samples were then clustered using Euclidean distances with the complete linkage method, based on their colour intensity profiles (Kindt & Coe 2005; R Development Core Team 2010) .
The distance decay of gene similarity, a measure of turnover, within each sampling site was evaluated by Mantel test (Legendre & Legendre 2012) , employing the Sorensen index, and the significance was calculated with 999 permutations. Multiple regression on distance matrices (MRM; Tuomisto et al. 2003; Lichstein 2007) was employed to calculate the contributions of geographical and environmental distances on gene similarity (detailed description of these methods can be found in the Supporting Information).
An association index (point-biserial correlation coefficient -r pb ) was used to evaluate the association of 49 carbon and nitrogen cycle-related gene families with the study sites. In this analysis, we ran two independent tests for each gene family, finding the single site (test 1) and site or site combination (test 2) with highest association index. The significances of the associations were calculated with 999 permutations (De Caceres & Legendre 2009; De Caceres et al. 2010 ; a detailed description of the methods can be found in the Supporting Information).
Results and discussion
Diversity of microbial functional genes in the Amazon rainforest and the impact of land use change
A high-throughput microarray approach was employed to assess the diversity of microbial functional genes in Amazon rainforest soils. A total of 65 676 out of 83 992 genes targeted by GeoChip 4.0 were detected in at least one of the study sites. We detected genes associated with 409 different gene families in the following functional groups: nutrient cycling, antibiotic resistance, metal resistance, organic compound remediation, bacteriophage, stress, virulence and energy processes. To assess the impact of forest-to-pasture conversion on functional gene diversity, soil samples from a primary forest, two pastures (6 and 38 years old), and a secondary forest were evaluated. Gene richness (total number of genes detected) was reduced by 31.8% in the 6-yearold pasture and 16.1% in the 38-year-old pasture relative to the primary forest ( Figure 1A ; ANOVA, F: 89.8; P < 0.001). Functional gene diversity, estimated using the Shannon (H') diversity index, was also significantly lower in the pastures relative to the primary forest (Figure S2 ; ANOVA, F: 57.7; P < 0.001). Interestingly, these results are the opposite of those reported for taxonomic diversity estimated using the 16S rRNA gene, which has been observed to increase in Amazon soils following ecosystem conversion at our site (Cenciani et al. 2009; Rodrigues et al. 2013) and at another (western) Amazon site (Jesus et al. 2009 ). The secondary forest was not significantly different from the primary forest in gene richness or diversity ( Figure 1A , Figure S2 ), suggesting that recovery of at least some aspects of microbial functional diversity is possible.
The number of gene families detected also varied across sites. Pastures had significantly fewer gene families relative to the primary forest (P6, P < 0.001; P38, P < 0.05), while secondary forest was not significantly different from primary forest (Fig. 1B) . Even though the loss is statistically significant, the reduction is only 2.1% and 0.5% of gene families in the P6 and P38, respectively. Most of the affected genes are associated with organic contaminant degradation and metal resistance (Table S3) , which could be attributed to the high number of probes associated with these functions present on the GeoChip microarray slide. Nevertheless, these gene groups might be important genetic reservoirs for novel biotechnological products with potential applications in biodegradation and bioremediation. Although there was only slight difference between forests and pastures regarding the number of gene families detected (Fig. 1B) , the forest sites harbour a higher number of VA and Tukey's post hoc test, P < 0.05). F, primary forest; P6, 6-year-old pasture; P38, 38-year-old pasture; S, secondary forest. different gene sequences for the same functions (Fig. 1A) , which suggests higher functional redundancy in these sites. This finding has important implications for ecosystem maintenance as the magnitude and stability of a function have been shown to be dependent on trait redundancy across members of the microbial community (Levine et al. 2011; Griffiths & Philippot 2013) . Therefore, one would expect forest microbial communities to maintain a more stable functional performance in response to environmental oscillations than communities in soils under pasture.
Microbial functional gene community structure similarity and land use change
Hierarchical cluster analysis showed that, in general, primary and secondary forests were clustered together in the upper portion of the dendrogram, suggesting similar gene group abundances (Fig. 2) . Interestingly, some secondary forest samples were also clustered with the 38-year-old pasture samples. We hypothesize that secondary forest communities are in an intermediate stage between primary forest and pasture, suggesting a progressive reestablishment of 'forest-like' functional diversity following pasture abandonment. The 6-yearold pasture samples all clustered together, with only two 38-year-old pasture samples associated with that specific cluster. Analysis of similarity (ANOSIM) indicated that differences in functional gene similarity among soil microbial communities were associated with differences in land use (R = 0.387; P = 0.001). Pairwise comparisons (Table 1) showed no significant difference between the primary and the secondary forests, while in all other site comparisons, they were significantly different from one another (P < 0.05). Hence, the results suggest that the microbial communities in the soils from the pasture and forest sites harbour different functional gene contents, indicating that land use may affect not only taxonomic (Jesus et al. 2009; Rodrigues et al. 2013) , but also functional composition in Amazon soils. Our results suggest that environmental variables associated with pasture establishment and age might also be important determinants of microbial functional gene similarity across sites (Fig. 3) . We sought to identify environmental factors suggestive of functional gene similarity by quantifying 24 edaphic variables (Table  S4) and performing a correlational analysis through ordination (Oksanen et al. 2011) . Primary and secondary forest functional gene composition were correlated negatively with pH and positively with Al +3 . This result is
in agreement with what has been reported in taxonomic studies performed with Amazon forest soils (Jesus et al. 2009; Rodrigues et al. 2013) . In our study, not only soil pH, which has long been regarded as an important factor driving microbial community structure and function in soils (Fierer & Jackson 2006; Nicol et al. 2008; Wakelin et al. 2008; Jesus et al. 2009 ), but also other variables, such as boron, phosphorus, manganese concentrations and sand content (texture), were positively correlated with functional gene similarity in forest samples and therefore are probably to influence these communities. Functional gene similarity in pasture samples was correlated with increased concentrations of iron, organic matter and clay content (Fig. 3) . We attribute the differences in functional gene similarity observed in the 6-year-old pasture (Figures 2 and 3) as a consequence of a still recent slash and burn deforestation, characterized by an increased deposition of nutrients, including alkaline ash, from burned vegetation.
The 6-year-old pasture had the lowest values for acidity, Al +3 , B, P, Mn and sand and the highest values for pH, C/N ratio, Fe and clay content (Table S4) .
To measure the turnover in functional gene composition within each site, we used distance decay analysis (Soininen et al. 2007) . We observed significant decay of functional gene similarity with geographical distance in the primary forest (Mantel Coefficient: 0.605; P < 0.05), but not in the other sites (Table S5) . Rodrigues et al. (2013) also reported reduction in the slope of the distance decay relationship for taxonomic and phylogenetic similarity of bacterial communities after pasture establishment in the same area. The present results provide evidence that the functional gene similarity follows a similar pattern and further shows that functional gene turnover in the secondary forest differs from the primary forest.
To determine whether the changes in the functional community were a consequence of spatial distance or environmental variability among the sites, we evaluated how geographical and environmental distances affected variation in gene similarity across the sites using multiple regression on distance matrices (MRM; Tuomisto et al. 2003; Lichstein 2007) . In this analysis, we separated the environmental measures into two matrices based on the measures of soil nutrients and soil texture. We observed significant contribution of soil texture to the variation in gene composition similarity throughout the sites (P < 0.05; Table S6 ). However, geographical distance did not have a significant effect (Table S6 ). The contribution of soil texture is in agreement with the variation in clay content across sites, mainly in P6 (Table S4) . Although major changes in clay content in response to land use are not common (Holmes et al. 2004) , studies performed in the southwestern Amazon have reported such changes, with variations in clay content of 13 to 106% at some sites, primarily young pastures (De Moraes et al. 1996; Neill et al. 1997a Neill et al. , 2005 .
Our study utilized a 'chronosequence', a series of sites distributed in space that have different histories. Because each treatment was studied in a single site, spatial variability may be of concern as environmental characteristics unrelated to chronosequence history could affect our results. However, there are two strong lines of evidence that spatial variability is not a primary driver of the results in our study. First, our chronosequence has been extensively studied for more than 20 years, and previous studies have shown that underlying spatial variability (in microclimate, soil type, etc.) is small relative to the variation caused by land use histories (e.g. De Moraes et al. 1996; Steudler et al. 1996; Neill et al. 1997a,b) . Second, the geographical locations of our Fig. 2 Cluster analysis of site-specific microarray abundance data for genes related to different functional processes. Higher abundance is indicated by increased blue colour intensity. On the x-axis, genes were grouped by functional process and their abundance summed. On the y-axis, samples were reordered and clustered according to their colour intensity profile. The colour bar on the left side denotes the sampling site, as follows: dark green: primary forest; brown: 6-year-old pasture; orange: 38-year-old pasture; light green: secondary forest.
© 2014 John Wiley & Sons Ltd sites support our conclusion that our results are due to land use history, not spatial variability ( Figure S1 ). The young pasture (P6) is spatially closer to the forests than it is to the old pasture (P38), and the secondary forest is geographically much closer to the young pasture than to the primary forest. If spatial variability was the driver of our results, then we should have observed that the young pasture and primary forest were more similar than primary forest and secondary forest, and secondary forest and old pasture should be more similar than old pasture and young pasture. However, we observed that the pastures and forest sites each grouped together, a strong indicator that our results are driven by factors related to land use, rather than spatial variability.
Specific responses of genes related to the carbon and nitrogen cycles
Investigating how specific functional groups respond to land use change may help to predict potential impacts on processes performed by those groups. Microbial groups related to carbon and nitrogen cycling are of major interest, given their importance for ecosystem maintenance. We borrowed the concept of species association (also known as indicator species) traditionally employed in ecology (Dufrene & Legendre 1997) (Table 2) . In test 1, the values of the significant (P < 0.05) correlation coefficients (r bp ) ranged from 0.330 to 0.542. We detected significant associations of 41 gene families to the two forest sites, especially the secondary forest (35 families). These included genes linked to C fixation, degradation of cellulose, hemicellulose, lignin and chitin, methane oxidation, ammonification, anammox, assimilatory N reduction, denitrification, dissimilatory nitrate reduction to ammonium (DNRA) nitrification and N fixation (Table 2) . Interestingly, two gene families, pullulanase (amyX; P < 0.01) and isopullulanase (P < 0.05), showed an association with the 6-year-old pasture site. These genes are related to the hydrolysis of alpha-1,4-glucosidic linkages of starch and pullulan (Hii et al. 2012) , two very labile carbon compounds. These results may reflect an increase in labile carbon compounds in pastures relative to forests, an observation consistent with the previous studies (Jensen & Nybroe 1999) . The low number of gene families associated with the pastures is probably related to the reduction in detected genes in these sites (Fig. 1A) . Overall, our results from this analysis suggest that factors linked to land use change may affect the frequency and abundance of these important microbial functional groups in Amazon soils.
When association analyses were performed using a combination of sites (test 2), r pb values increased (ranging from 0.465 to 0.888), indicating stronger association between gene families and site combinations, with two potential explanations: (i) two or more sites may offer similar conditions that allow broad colonization by the same functional group of microbes, or (ii) microorganisms carrying the same gene families may colonize different habitats. These are nonmutually exclusive possibilities, and our study was not designed to partition Only environmental factors that share significant correlation (P < 0.05) with functional genes are displayed with vectors: OM, organic matter; Fe, iron; P, phosphorus, B; boron; Mn, manganese; Al, aluminium; pH, potential activity of hydrogen. The stress value was 0.08. Empty circles: primary forest (F); solid circles: 6-year-old pasture (P6); solid triangles: 38-year-old pasture (P38); empty triangles: secondary forest (S). Only samples with available environmental (9 per site) data were considered in this analysis. the above outcomes; nonetheless, it indicates that specific gene families are preferentially associated with some habitat combinations, which may be a result of long-term disturbances, and hence, ecosystem functions may be altered. A total of 16 gene families were significantly associated with a combination of the two forests (F+S). Genes related to C and N cycles, such as nitrification, C and N fixation, C degradation, methane oxidation and nitrate reduction, were present in both environments in similar abundance/frequency. Specifically, the genes responsible for the synthesis of the RuBisCo and formyltetrahydrofolate ligase (FTHFS) were associated with both forests. The former is a key enzyme in the Calvin-Benson-Bassham cycle and is involved in the first step of carbon fixation (Tabita et al. 2007) , while the latter is associated with CO 2 uptake via acetogenesis, an anaerobic process known to occur in forest soils (Kusel & Drake 1995; Wagner et al. 1996) . It is noteworthy that CO 2 reduction through acetogenesis is a thermodynamically less favourable process (À105 kJ/mol) than methanogenesis (À135 kJ/mol) under most conditions, yet Amazon forest soils have been observed to have a negative flux of CH 4 (Fernandes et al. 2002) . We also found that pmoA, a gene that encodes for the a subunit of particulate methane monooxygenase (Horz et al. 2001) , was significantly associated with forest soils. The richness and abundance of the pmoA gene has been correlated with methane oxidation rates (Rahalkar et al. 2009; Tuomivirta et al. 2009 ) and process stability (Levine et al. 2011) in several environments. Previous biogeochemical studies at our study site observed a shift from sink to source in the annual CH 4 flux after forest-to-pasture conversion (Steudler et al. 1996; Fernandes et al. 2002) . This change in CH 4 flux was attributed to alterations in physicochemical soil properties, such as a decrease in porosity as a result of soil compaction, and increased organic matter and pH, leading the authors to postulate that those changes might influence the soil microbiota. The limited oxygen diffusion in pasture soils may cause negative impacts on the local methanotrophic communities, while favouring methanogenic activity. Recently, Davidson et al. (2012) suggested that the Amazon rainforest is an ecosystem in transition, from carbon sink to source, due to anthropogenic activities. Understanding how land use changes impact microbial groups with a key role in carbon flux may provide valuable information on the causes of this ecosystem transition.
The impact of land use change on the nitrogen cycle is also of great concern because deforestation causes changes in several nitrogen cycling processes, including N mineralization and nitrification rates, as well as on the stocks of inorganic N (Neill et al. 1995) . Changes in the abundance of N-cycling genes following forest-topasture conversion are summarized in Figure S3 . We evaluated 16 different gene families directly linked to the N cycle and observed that 10 of them were significantly associated with primary and secondary forests (Table 2) . Genes linked to nitrification, a key process controlling N cycling and loss in forest soils (Isobe et al. 2011) , were significantly more abundant in forest sites. Both amoA and hao genes, encoding ammonia monooxygenase and hydroxylamine oxidoreductase, respectively, were associated with the forests. These results are consistent with those obtained by Neill et al. (1995) , who found higher net nitrification rates in soils under native vegetation in comparison with pastures. Previous studies based on clone libraries also observed differences in community composition, with a decrease in diversity of amoA genes following conversion (Taketani & Tsai 2010; Navarrete et al. 2011) . Concurrently, denitrificationrelated genes, nirS and norB, were linked to forest sites. Denitrification has been regarded as the most important source of the potent greenhouse gas N 2 O in soils (Bollmann & Conrad 1998; Isobe et al. 2011) , although Neill et al. (2005) have suggested that the nitrification is an important source of N 2 O in Amazon forest soils. N 2 O flux has been extensively measured in Amazon soils, and it is widely accepted that primary forest soils are sources of the gas (Neill et al. 2005; Davidson et al. 2012) . The association of nitrification and denitrification genes with forests indicates that these land use types may have a higher potential for N 2 O production, compared with pastures. Measurements previously made at our study site revealed a peak of gas emission after pasture establishment (up to 3 years), which was followed by a progressive reduction with pasture ageing, reaching levels lower than the forests (Neill et al. 2005) .
We also observed the association of napA and narG with forests. These genes are present in microorganisms capable of denitrification and dissimilatory nitrate reduction to ammonium (DNRA). The DNRA exclusive marker nrfA, which encodes for the enzyme responsible for converting nitrite to ammonium (Kraft et al. 2011) , was also associated with the forests, with a higher correlation index with primary forest. Although the DNRA process is still not fully understood, it plays an important role in N retention in soils, as well as in NO 3 À turnover in humid tropical forests, limiting substrate availability for denitrification (Silver et al. 2001) . Two ammonification-related gene families were analysed in our study, ureC and ghd, encoding for urease and glutamate dehydrogenase, respectively. While the former was associated with forest samples, which is consistent with high rates of N mineralization observed in forest soils at our study site (Neill et al. 1995) , the latter did not show any associations with land use type. The lack of correlation between mineralization rates and the presence of ammonification genes, measured by GeoChip, has been reported previously, and it may be related to the wide distribution of these genes over different microbial taxa (Yergeau et al. 2007) . Similarly, genes related to assimilatory nitrate reduction, which are known to be phylogenetically widespread (LuqueAlmagro et al. 2011), did not show site selectivity in our association test.
Finally, the nifH gene, which encodes nitrogenase reductase, was significantly associated with both forest sites. Although the potential for N fixation has been suggested as important for secondary forest growth in the Amazon (Gehring et al. 2005 ) and other tropical forests (Erickson et al. 2001) , very limited information is available for the Amazon forest regarding this process (Davidson et al. 2007; Mirza et al. 2014 ). We do not yet know whether the increased abundance of nifH in forest soils is associated with higher rates of nitrogen fixation in these soils.
Concluding remarks
The Amazon rainforest maintains an extraordinary biological diversity, with important implications for carbon sequestration and biogeochemical cycling of nutrients. The area of this tropical ecosystem has been shrinking at an alarming rate, with consequences for the phylogenetic and taxonomic diversity of both macro-and microorganisms. Our study demonstrates that Amazon deforestation can also alter microbial functional diversity. The establishment of a secondary forest resulted in the recovery of some, but not all, aspects of microbial functional gene diversity, suggesting that biogeochemical processes may recover as forests reestablish. Finally, we identified several gene families with significant association to one or more habitats, which may be a response to land use change. These gene families are linked to C and N cycling, raising concerns about impacts of land use change on ecosystem services.
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